Typical formulated broiler diets are deficient in n-3 poly-unsaturated fatty acids (PUFA) due to widening n-6:n-3 PUFA ratio which could greatly affect performance, immune system of birds and, more importantly, meat quality. This study was conducted to evaluate the effect of modifying dietary n-6:n-3 PUFA ratio from plant and animal oil sources on performance, behavior, cytokine mRNA expression, antioxidative status and meat fatty acid profile of broiler chickens. Birds (n ¼ 420) were fed 7 diets enriched with different dietary oil sources and ratios as follows: sunflower oil in control diet (C); fish oil (FO); 1:1 ratio of sunflower oil to FO (C1FO1); 3:1 ratio of sunflower oil to fish oil (C3FO1); linseed oil (LO); 1:1 ratio of sunflower oil to linseed oil (C1LO1); 3:1 ratio of sunflower oil to linseed oil (C3LO1), resulting in dietary n-6:n-3 ratios of approximately 40:1, 1.5:1, 4:1, 8:1, 1:1, 2.5:1 and 5:1, respectively. The best final body weight, feed conversion ratio as well as protein efficiency ratio of broilers were recorded in the C1FO1 and C1LO1 groups. Compared with the control group, the dressing percentage and breast and thigh yield were highest in the C1FO1 and C1LO1 groups. Narrowing the dietary n-6:n-3 ratio increased (P < 0.05) n-3 PUFA content of breast meat. Moreover, the breast meat contents of eicosapentaenoic acid and docosahexaenoic acid increased (P < 0.05) with increasing dietary FO whereas a-linolenic acid content was higher with LO supplementation. Also, enriching the diets with n-3 PUFA from FO and LO clearly decreased (P < 0.05) serum total cholesterol, triglycerides and very low-density lipoproteins and enhanced antioxidative status. The feeding frequency was decreased (P < 0.05) in the C1FO1 and C1LO1 groups. Likewise, n-3 PUFA-enriched diets enhanced the frequency of preening, wing flapping and flightiness. Animal oil source addition, compared to plant oil, to broiler diets enhanced the relative mRNA expression of interferon gamma, interleukin-1 beta, interleukin-2 and interleukin-6 genes, especially at low n-6:n-3 ratios. This study has clearly shown that narrowing n-6:n-3 ratio through the addition of FO or LO improved performance and immune response of broilers and resulted in healthy chicken meat, enriched with long chain n-3 PUFA.
Introduction
The success of the modern poultry industry depends on enhancing growth performance, reducing fat deposition of growing chicks and improving the products offered to consumers. Nutrition plays a strong role in growing chickens, and early ingestion behavior generates feed experience that affects the bird's overall performance (Hale and Green, 1988) . Recently, significant effort has been made to produce poultry products enriched with n-3 poly-unsaturated fatty acid (n-3 PUFA) (Pietras and Orczewska-Dudek, 2013) , and modify the potential of the bird's immune response (Swiatkiewicz et al., 2015) . The concentration of n-3 PUFA in animal tissues depends mainly on the fatty acid composition of the diet (Bou et al., 2005) . The omega-3 fatty acids can decrease the concentrations of C-reactive protein, proinflammatory eicosanoids, cytokines, chemokines and other inflammatory biomarkers (Schwab and Serhan, 2006) . It is known that fish oil is an excellent source of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (members of the n-3 family), which are precursors of the lipid mediators of inflammation and have anti-inflammatory and immunomodulatory functions (Calder, 2010) . On the other hand, vegetable oils (e.g., linseed oil) are rich in a-linolenic acid (ALA), which is the metabolic precursor of EPA and DHA (Kouba and Mourot, 2011) . Less than 20% of the world's population consume about 250 mg/day of n-3 PUFA from marine sources (Micha et al., 2014) . So, there is a need to make n-3 PUFA available for a greater part of the remaining 80% of the world population. Recent studies have shown that dietary imbalance of n-6:n-3 PUFA ratio can affect human health, especially with high n-6:n-3 PUFA ratio in our modern diets, as it can lead to increased production of proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-a), interleukin-1 (IL-1) and interleukin-6 (IL-6) and thus excessively augment inflammation (Simopoulos, 2002) . It was recommended that n-6:n-3 PUFA ratio should be nearly 3:1 to 1:1 (Kim et al., 2007) . In addition, human conversion of ALA to EPA is low, and to DHA is even lower (Burdge and Calder, 2005) . Thus, there is a potential to enrich the human diet with n-3 PUFA by modifying poultry feeding practices to satisfy the human requirements, as both type and ratio of dietary oils affect the deposition of fatty acids in broiler meat. Therefore, the aim of the current study was to improve broiler performance and health, through consumption of specific fatty acids, particularly at the right n-6:n-3 PUFA ratio. This will produce meat that is beneficial to human consumers.
Materials and methods
The protocol for animal experiments was approved by the animal care and use committee at Faculty of Veterinary Medicine, Zagazig University.
Experimental birds and management
A total of 420 day-old Ross 308 broiler chickens were obtained from a commercial hatchery. On arrival, they were weighed and randomly assigned to 7 groups, each consisting of 5 replicates of 12 birds each. Birds were reared in a naturally ventilated open house with sawdust as litter, at a density 10 birds/m 2 . Pens were equipped with semi-automatic tube feeders and bell drinkers.
Experimental diets and design
The birds were fed a basal diet formulated according to Ross 308 broiler nutrition specification. The nutrient composition of the basal diet is shown in Table 1 . Seven dietary treatments were prepared using different oil sources (plant and animal) as follows: sunflower oil (C); fish oil (FO); sunflower oil and fish oil at a ratio of 1:1 (C1FO1); sunflower oil and fish oil at a ratio of 3:1 (C3FO1); linseed oil (LO); sunflower oil and linseed oil at a ratio of 1:1 (C1LO1); sunflower oil and linseed oil at a ratio of 3:1 (C3LO1), resulting in dietary n-6:n-3 ratios of approximately 40:1, 1.5:1, 4:1, 8:1, 1:1, 2.5:1 and 5:1, respectively. The different types of oils used in the experiments and their inclusion rates (%) are listed in Table 2 . The fatty acid composition of experimental diets is shown in Table 3 . The diets were prepared weekly and kept at 4 C to prevent oxidative rancidity.
Growth performance and carcass traits
The body weight, body weight gain, and feed intake of all broiler chickens were recorded weekly and feed conversion ratio (FCR), protein efficiency ratio (PER) and overall performance were calculated. Five birds from each group were selected at the end of the experiment, fasted overnight, weighed and then sacrificed to obtain weight of the dressed carcass, breast, thigh, and abdominal fat yields, expressed as a percentage of body weight. Samples were stored at À20 C until analysis. Five samples from the breast and thigh muscles, from each experimental group were used for analysis of intramuscular fat and determined by extraction with petroleum ether in a Soxhlet apparatus (Horwitz, 2002) .
Tissue fatty acid analysis and cholesterol
The experimental diets and homogenized freeze-dried breast meat were analyzed for fatty acid composition. For this purpose, total lipids were extracted from homogenized muscle tissue, using a solvent mixture of chloroform and methanol (2:1, vol/vol), which is suitable for quantitative extraction of lipids according to the method of Folch et al. (1957) . The fatty acid methyl esters were prepared as described by Ichihara and Fukubayashi (2010) for gas chromatography (GC). The total cholesterol in breast and thigh was determined enzymatically and measured by GC using the method of Allain et al. (1974) .
Determination of lipid parameters and oxidative status
At the end of the experimental period, blood samples were collected from 5 birds per group into tubes without anticoagulant. The separated serum was used for determination of total cholesterol, triglyceride, high-density lipoprotein-cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C) and very low-density lipoprotein (VLDL) concentrations colorimetrically using triglyceride (TR0100), total cholesterol (MAK043) and HDL, LDL/VLDL (MAK045), malonaldehyde (MDA) (MAK085) and glutathione Stransferase (GSH-ST) (CS0410) kits from SigmaeAldrich, following the manufacturer's instructions.
Behavioral observations
Birds used in this study were observed as scan samples for 3 h/ week per group and number of birds expressed as a percentage of total observed birds. The following behavioral parameters were observed and measured throughout the experiment; ingestive behavior (feeding and drinking); time use, including idling, walking, crouching, huddling, litter pecking, preening, wing flapping and leg stretching behavior.
Gene expression analysis by real-time PCR
At the end of the experiment, 3 birds were randomly selected from each group, marked and immunized intramuscularly with 0.2 mL of 5% sheep red blood cells before slaughter after 24 h. Total RNA was extracted from 30 mg of splenic tissue using Qiagen RNA extraction kits (Cat, No. 74104) . Total RNA purity was measured using NanoDrop_ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The total RNA was reverse-transcribed into cDNA, using QIAGEN Long Range 2 Step RT-PCR Kit, following the manufacturer's instructions. One microliter of total cDNA was mixed with 12.5 mL of 2 Â SYBR_Green PCR mixed with ROX from Bio-Rad, 5.5 mL of RNAse-free water and 0.5 mL of each forward and reverse primers for the measured genes. The b-actin gene was used as a control for normalization. The up-and downstream primer sequences and accession number of interferon gamma (IFN-g), interleukin-1 beta (IL-1b), interleukin-2 (IL-2), interleukin-6 (IL-6) and b-actin genes are listed in Table 4 .
Statistical analysis
The analysis of variance of the obtained data was performed in PASW statistics 18 (SPSS Inc., USA), using general linear model. Post hoc comparisons were applied, whenever appropriate, using Duncan's test. Statistical significance was considered at P 0.05. Before carrying out the statistical analysis of gene expression, fold change was calculated using the (2ÀDDCt) method to quantify mRNA levels according to Livak and Schmittgen (2001) . Table 2 The inclusion rate (%) of different oils in starter and grower diets in different experimental groups.
Oil types
Starter diets Grower diets C ¼ control diet supplemented with sunflower oil; FO ¼ control diet supplemented with fish oil; C1FO1 ¼ control diet supplemented with 1:1 ratio of sunflower oil to fish oil; C3FO1 ¼ control diet supplemented with 3:1 ratio of sunflower oil to fish oil; LO ¼ control diet supplemented with linseed oil; C1LO1 ¼ control diet supplemented with 1:1 ratio of sunflower oil to linseed oil; C3LO1 ¼ control diet supplemented with 3:1 ratio of sunflower oil to linseed oil.
Table 3
Fatty acid composition (% of total fatty acids) in the starter and grower diets (measured value).
Item
Starter diets Grower diets
Dietary n-6:n-3 40:1 1. 
Results and discussion

Growth performance
The effects of n-6:n-3 PUFA ratio on growth performance parameters are shown in Table 5 . The broilers in C1FO1 and C1LO1 groups had the highest (P < 0.05) final body weight (FBW), followed by broilers in C3FO1 group, then C3LO1, FO and LO groups, whereas the C group recorded the lowest FBW at d 42. The best values for FCR and PER were noted in the group fed C1FO1 with (1.5:1) n-6:n-3 ratio followed by C1LO1 and FO groups when compared to other groups. These results are consistent with Qi et al. (2010) who found that by narrowing dietary n-6:n-3 ratio from 30:1 to 5:1, the FCR was improved. Also, broiler chicks fed 1.5% and 3% FO supplemented diets exhibited higher weight gain than a control group without fish oil and a 6% fish oil group (Chekani-Azar et al., 2010) . In addition, at 6 weeks of age, heavier broiler weight was recorded in groups fed 2.5% flaxseed oil when compared with a standard control diet containing 2.5% tallow (Carragher et al., 2016) . Wang et al. (2011) argued that the effect of n-3 PUFA in broiler diet was dependent on their dietary level since low levels of dietary fish oil are more effective than high levels in improving performance and feed gain. The improvement in productive performance of broilers in response to decrease in dietary n-6:n-3 PUFA ratio, especially with FO group containing n-6:n-3 ratio of 4:1 then in LO group of 2.5:1 may be due to increased diet digestibility, which stimulates growth and feed efficiency (Moura, 2005; Saleh et al., 2009 ). This phenomenon may be explained by the role of n-3 PUFA in activation of bile, which enhances fat digestion in the intestine, thus increasing the efficiency of feed digestion and absorption (Jameel and Sahib, 2014) . On the other hand, a combination of different dietary fat sources in the bird's diet may enhance nutrient utilization regardless of metabolized energy content and may lessen the feed passage rate in the digestive tract, permitting better nutrient absorption and utilization (Latshaw, 2008; Firman et al., 2010) . Our results on growth performance confirmed that the groups fed FO and LO with n-6:n-3 ratios of 4:1 and 2.5:1 respectively, attained the best FBW together with an improvement in feed utilization and the effect of decreasing n-6:n-3 ratio to (4:1) from animal source was more prominent on broiler performance. Table 6 summarizes the effects of different sources of n-6:n-3 PUFA ratio on carcass, breast and thigh yields, and abdominal fat at the end of the experiment. Broilers fed dietary C1FO1 and C3FO1 and C1LO1 significantly had the highest (P < 0.05) carcass and breast yield followed by groups supplemented by FO, C3LO1 and LO when compared with C group. Broilers fed (4:1) and (2.5:1) n-6:n-3 ratios from C1FO1 and C1LO1 groups had higher thigh yield than the other groups. This result is similar to that of Chashnidel et al. (2010) , who showed that the inclusion of FO in broiler diet significantly improved dressed weight compared to the control group. The reduction in abdominal fat was more prominent in groups supplemented with (4:1) and (2.5:1) n-6:n-3 ratios in C1FO1 and C1LO1 groups, respectively, followed by the groups supplemented with dietary FO or LO when compared with C group. Marine omega-3 fatty acids have been found to be involved in the suppression of lipogenic genes in liver (Kaur and Sinclair, 2010) . Furthermore, Ferrini et al. (2010) showed that linseed oil reduces abdominal fat deposition by promoting fatty acid b-oxidation, rather than suppressing fatty acid biosynthesis. Chen et al. (2012) found that enriching diet with n-3 PUFA improved Lipin-1 (LPIN1) gene expression in the abdominal fat of chicken. Triglyceride synthesis can be regulated by LPIN1 as it controls DNA-bound transcription factors to regulate gene transcription (Schweitzer et al., 2015) .
Carcass characteristics and muscle cholesterol
The concentrations of cholesterol in breast and thigh muscles are shown in Table 6 . Breast muscle exhibited lower values of cholesterol than the thigh. Moreover, increasing the level of dietary FO and LO in breast and thigh muscles reduced the cholesterol concentrations and this reduction was more prominent with dietary inclusion of FO. El-Katcha et al. (2014) stated that feeding of broiler on 1:5 of n-3:n-6 PUFA ratio reduced the cholesterol content of breast meat.
Antioxidant status and serum lipid profile
Serum concentrations of MDA, GSH-ST and lipid profile are shown in Table 7 . The concentration of MDA was significantly decreased (P < 0.05) in broiler groups fed diet supplemented with FO and LO when compared with C group. Narrowing the n-6:n-3 PUFA ratios especially in FO groups was associated with a significant increase (P < 0.05) in GSH-ST values. Our findings are similar to those of Chen et al. (2012) who indicated that the concentrations of cardiac glutathione peroxidase (GSH-Px), GSH-ST and superoxide dismutase (SOD) were increased in an n-3 PUFA rich group, and the MDA and HO hydroxyl radical were reduced. Similarly, Bhattacharya et al. (2003) provided compelling evidence that n-3 PUFA scavenge H 2 O 2 and lipid peroxides and thus can enhance the activities of the hepatic antioxidant enzymes, SOD, GSH-Px and GSH-ST. On the other hand, it could be deduced that increasing the FO and LO ratios were accompanied by increasing n-3 PUFA level in broiler diet and significantly decreased (P < 0.05) serum total cholesterol, triglycerides concentration, VLDL and increased serum high-density lipoprotein levels (HDL). The present results are in accordance with Calder (2001) and Saleh et al. (2009) who reported that increasing Table 5 Effect of dietary n-6:n-3 PUFA ratios from different oil sources on overall broiler performance over 42 days. dietary omega-3 fatty acids in broiler diet reduced plasma triglycerides and cholesterol. In addition, VLDL levels were reduced in broilers fed FO (4.5%) (Chashnidel et al., 2010) . This reduction may be related to the role of omega-3 fatty acid in suppression of triglycerides and apolipoprotein synthesis B, higher elimination of VLDL by peripheral tissues of the liver and higher excretion of bile via feces (Leaf and Weber, 1988) which can also reduce the serum concentrations of cholesterol and triglycerides.
Fatty acid composition of breast muscle
The fatty acid composition of breast muscle in relation to dietary oil treatment is illustrated in Table 8 . The most prominent result is that decreasing the ratio of n-6:n-3 PUFA, especially in FO and LO groups significantly decreased the levels of saturated fatty acids (SFA) These results agree with El-Katcha et al. (2014) who reported that deposition of SFA, mono-saturated fatty acids and n-6 PUFA in broiler meat increased in groups with wide n-6:n-3 PUFA ratios and this was mainly due to a higher concentration of palmitic and stearic acids. The high concentration of PUFA in the LO supplemented diet and C group was reflected in its significantly greater incorporation into muscle compared with FO groups. The proportion of breast muscle PUFA in C group were mainly due to n-6 PUFA linoleic acid (LA, C18:2 n-6) and in LO and FO mainly due to n-3 PUFA (ALA and EPA þ DHA, respectively). Additionally, reducing n-6:n-3 PUFA ratio by increasing dietary n-3 PUFA modifies the meat fatty acid profile near a higher level of long-chain PUFA (Qi et al., 2010) .
Incorporation of FO and LO in the diets significantly increased (P < 0.05) the n-3 PUFA in breast muscle, and these had a reverse effect on the n-6 PUFA, thus decreasing the dietary n-6:n-3 PUFA ratio. Moreover, as reflected by dietary composition, decreasing n-6:n-3 PUFA ratios increased the proportion of EPA and DHA concentration in breast meat by nearly 8-and 14-folds in FO, C1FO1 and 5.5 and one folds in LO, C1LO1, respectively when compared with the wide n-6:n-3 PUFA ratios in C group. In addition, the concentration of ALA in breast meat increased with decreasing n-6:n-3 PUFA ratios, which was more prominent in LO supplemented groups due to its higher composition in LO than FO. Supplementation of LO in broiler diet up to 4.5% increased the conversion of ALA to EPA and DHA in breast meat. Similarly, the total n-3 PUFA, including EPA and DHA of breast muscle were significantly increased as a result of decrease in n-6:n-3 PUFA ratios or the addition of tuna oil (Maroufyan et al., 2012; Morales-Barrera et al., 2013) . Our results on breast muscle indicated that the best fatty acid profile in breast tissues with higher n-3 PUFA are the C1FO1 and C1LO1 groups.
Welfare conditions
Data related to behavioral observation are shown in Table 9 . As behavior is a good indicator for the assessment of the well-being of broilers, our results revealed that feeding behavior was significantly increased in C3FO1, C3LO1 and LO compared to C and C1FO1 with the C1LO1 groups being intermediate. Although addition of FO in the diets did not increase the feed intake, the feed conversion rate was improved. Moreover, the probability of drinking tended to be higher in FO than in LO supplemented groups. Decrease in feed intake may be attributed to the unpleasant flavor of fish oil (Hardin et al., 1964) . In addition, Symeon et al. (2010) stated that feeding Table 6 Effect of dietary n-6:n-3 PUFA ratios from different oil sources on carcass traits and total lipid and cholesterol content of breast and thigh at 42 days. Table 7 Effects of dietary n-6:n-3 PUFA ratios from different sources on serum lipid profile and antioxidative status of broiler chicks at 42 days. and drinking were highly and significantly related in birds. The comfort behavior patterns are an indicator of animal welfare (Jensen, 2002) . The idling and crouching behavior were significantly increased in C1FO1 and C1LO1 in comparison with other groups. It was more prominent that increasing n-3 PUFA in the diet significantly (P < 0.05) increased the frequency of walking behavior. In addition, narrowing the n-6:n-3 PUFA ratio enhanced the activities of preening, wing shaking and flying especially in FO Table 8 Effect of dietary n-6:n-3 PUFA ratios from different oil sources on the fatty acid profile 1 of breast meat at 42 days. supplemented groups. These results may be attributed to higher dietary n-3 PUFA, which can modulate the metabolic function, pathophysiological processes thus affecting health, neuronal development and regulate immune and cardiovascular function (Stulnig, 2004) .
Cytokine genes expression in spleen
Data on mRNA expression of cytokine genes 2 days postchallenge are presented in Fig. 1 . Enrichment of broiler diets with n-3 PUFA significantly increased (P < 0.05) mRNA expression of interferon gamma (IFN-g) and IL-1b genes, especially in FO groups with dietary 1.5:1 and 4:1 n-6:n-3 ratios and LO groups supplemented with (1:1) and (2.5:1) n-6:n-3 ratios when compared with other groups. The expression of the IL-2 gene was increased by reducing n-6:n-3 PUFA, due to increasing dietary levels of FO and LO. The groups supplemented with (1.5:1), (4:1) n-6:n-3 PUFA ratios from dietary FO and (1:1) n-6:n-3 PUFA from dietary LO significantly increased (P < 0.05) the expression of IL-6 gene followed by (8:1) n-6:n-3 PUFA ratio from dietary FO and (2.5:1) and (5:1) from dietary LO when compared with control. These results are supported by those obtained by Sadeghi et al. (2014) confirming that decreasing n-6:n-3 PUFA ratio by feeding broiler chicks on FO (2.15% or 3%) can alleviate IFN-g gene expression and improve humoral response. In addition, decreasing n-3 PUFA in livestock feed increases pro-inflammatory cytokine levels, such as IL-1, IL-2, IL-6, and TNF-a, therefore extremely boost inflammatory response (Simopoulos, 2002) . Eicosapentaenoic acid and DHA have a role in inflammatory gene expression by inhibiting the activation of the transcription factor, nuclear factor kB (Calder, 2010) . The possible mechanisms by which dietary n-3 PUFA can modulate cytokine might be the decreased production of metabolites of n-6 PUFA, such as prostaglandin E2 (Trebble et al., 2003) . Also, due to a competition between n-3 PUFA and n-6 PUFA for incorporation into the cell membrane phospholipids, thus changing the phospholipids composition of immune cell membranes. Prostaglandin E2 can inhibit T cell proliferation, Th1 cell, IL-2 and IFN-g production (Goodwin and Webb, 1983; Betz and Fox, 1991) . Our results suggest that enriching broiler diets with n-3 PUFA can modulate broiler immune response through their effects on cytokine expression. These results strongly relate to source and concentration of dietary oils, and the intake levels of EPA and DHA. Additionally, increasing dietary EPA and DHA contents in FO groups has a great effect on boosting immune response after challenge than increasing dietary ALA contents in LO groups.
Conclusions
The results of this study established that reducing too high n-6:n-3 PUFA ratio in broiler diets can improve their performance and immunity without any anomalies in behavior. Changes in dietary n-6:n-3 PUFA ratio clearly affected meat fatty acid composition. The beneficial effects of reducing n-6:n-3 PUFA ratio were more prominent in broiler groups supplemented with animal (FO) than IFN-g ¼ interferon gamma; IL-1b ¼ interleukin 1 beta; IL-2 ¼ interleukin 2; IL-6 ¼ interleukin 6; C ¼ control diet supplemented with sunflower oil; FO ¼ control diet supplemented with fish oil; C1FO1 ¼ control diet supplemented with 1:1 ratio of sunflower oil to fish oil; C3FO1 ¼ control diet supplemented with 3:1 ratio of sunflower oil to fish oil; LO ¼ control diet supplemented with linseed oil; C1LO1 ¼ control diet supplemented with 1:1 ratio of sunflower oil to linseed oil; C3LO1 ¼ control diet supplemented with 3:1 ratio of sunflower oil to linseed oil. plant (LO) oil sources. Moreover, 4:1 and 2.5:1 n-6:n-3 PUFA ratios from FO and LO respectively, produced desirable effects on performance and immunity of birds. Finally, enriching human food with n-3 PUFA may confer health benefits on the human consumer.
